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Investigation of the crystal and magnetic structures of the trigonal multiferroic
iron-boracite Fe3B7O13(OH)
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We have investigated the crystal and magnetic structures of the trigonal iron-boracite Fe3B7O13X
with X = OH by neutron diffraction. Neutron diffraction enables us to locate the hydrogen atom
of the hydroxyl group and determine the magnetic ground state of this member of the multiferroic
boracite family. No evidence was found for a monoclinic distortion in the magnetic ordered state.
The magnetic symmetry allows for magnetoelectric and ferroelectric properties. The Ne´el tempera-
ture TN of 4.86(4) K confirms the general trends within the boracites that TN decreases from X =
I > Br > Cl > OH. Surprisingly while Fe3B7O13OH exhibits the largest frustration with | θ/TN |
= 5.6 within the Fe3B7O13X series, no reduction of the magnetic moment is found using neutron
diffraction.
I. INTRODUCTION
Since the discovery of multiferroic properties in
TbMnO3,
1 the field of multiferroic materials have at-
tracted a lot of interest.2–4 This interest arises from the
emergence of new fundamental physics5 and potential
technological applications.3,4 This field also gave rise to
the reinvestigation of a large number of ”old” materi-
als such as, for instance, the manganites RMnO3
6 or the
pyroxene family.7 Historically, the first family of multifer-
roic materials to be investigated was the boracite family.
Boracites are materials exhibiting the general formula
M3B7O13X where M is a transition metal ion or alter-
natively Mg, Cd. The vast majority of the boracites are
halogen boracites with compositions X = Cl, Br or I.8 Oc-
casionally X can be OH, F or NO3 and these associated
phases have been much less investigated.9 The boracites
have been widely investigated due to their ferroelectric,
ferroelastic and magnetic properties.10 Several composi-
tions within the boracites with X = Cl are natural miner-
als. They are of interest for mineralogists due their com-
plex twinning and anomalous optical properties.11 De-
spite the large number of studies dedicated to this family
and its wide chemistry, few studies have been dedicated
to the determination of their magnetic ground states us-
ing neutron diffraction.12–15
Recently, a new composition with M = Fe and X = OH
has been reported.16 It has been shown that this boracite
crystallizes in the space group R3c (No. 161). This sys-
tem orders antiferromagnetically below TN ≃ 4.8 K and
potentially exhibits magnetic frustration. Magnetic frus-
tration could arise due to the arrangement of magnetic
Fe2+ ions which is based on a triangular framework. A
magnetic system is considered to be spin frustrated when
the ratio f = | θ/TN | is equal to or greater than 6.
17 For
Fe3B7O13OH, f is about 5.6,
16 and thus it may exhibit
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some magnetic frustration. However in the absence of
neutron diffraction, this study could not further probe
the exact nature of the ground state of this material. We
aim here to investigate the magnetic ground state using
powder and single crystal neutron diffraction. Addition-
ally, we have used neutron diffraction in order to better
characterize the crystal structure and in particular the
hydrogen position which could not be located from x-ray
single crystal work.
II. EXPERIMENT
Small single crystals of Fe113 B7O13(OH) were synthe-
sized by a hydrothermal method. A mixture of FeO,
11B2O3, and NaOH solution (4 mol/L) was sealed in a
silver capsule. Then it was heated up to 600 ◦C in a
test-tube-type autoclave under 150 MPa of hydrostatic
pressure. After the reaction for 3 days, the product was
washed with hot water in order to remove the excess of
11B2O3.
11B112 O3 was used in order to reduce the ab-
sorption of natural boron by neutrons.
Most of the neutron diffraction measurements were
carried out on powder samples. The precise crystal and
magnetic structures were investigated using high resolu-
tion powder data at various temperatures using the D2B
diffractometer at the Institut Laue Langevin (ILL). The
measurements were carried out at a wavelength of 1.594
A˚ corresponding to the (335) Bragg reflexion of a ger-
manium monochromator. The neutron detection is per-
formed with 3He counting tubes spaced at 1.25◦ intervals
for D2B. A complete diffraction pattern is obtained after
about 25 steps of 0.05◦ in 2θ.
Powder neutron diffraction was carried out by crush-
ing small single crystals resulting in a fine light brown
powder. Measurement was carried out above the Ne´el
temperature (T ∼ 9 K) and below (T = 1.8 K). Diffrac-
tion data analysis was done using the FullProf refinement
package.18
Additional data were collected on the high resolution
2four-circle single crystal diffractometer D9 at the ILL.
Few reflections were followed as function of temperature
to determine the critical temperature behavior of the
magnetic order. Data collection was done using a wave-
length of 0.706 A˚ obtained by reflection from a Cu(220)
monochromator. The wavelength was calibrated using a
germanium single crystal. D9 is equipped with a small
two- dimensional area detector19, which for this measure-
ment allowed optimal delineation of the peak from the
background. For all data, background corrections20 and
Lorentz corrections were applied.
III. RESULTS AND DISCUSSION
A. Structural properties
Attempts to solve the crystal structure using single
crystal neutron diffraction data were unsuccessful due to
large twinning of the crystals. Consequently only few
reflections measured on the single crystal diffractometer
could be used. Powder diffraction data were used to solve
the crystal and magnetic structures.
Attempts to refine the crystal structure at 9 K using
the x-ray single crystal model were unsuccessful. The
best refinement which could be obtained is shown in Fig-
ure 1. These data show clearly that some intensity is
lacking over the whole pattern. This discrepancy results
from the impossibility from the x-ray single crystal data
to locate the hydrogen atom of the hydroxyl group. Prior
to investigate the magnetic properties of this polar iron
boracite, we have been using the neutron diffraction data
in order to locate the hydrogen atom of the hydroxyl
group.
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FIG. 1: (Color Online) Refinement of neutron data at 9 K of
the crystal structure of Fe3B7O13(OH) using the structural
model derived from single crystal data. The excluded region
around 40 degrees is to remove the cryostat contribution.
Localization of the missing hydrogen atom participat-
ing to the hydroxyl group was done by calculating the
difference Fourier map of the refined pattern shown in
Figure 1. The difference Fourier map obtained at 9 K
is illustrated in Figure 2. The hydrogen atom can be
localized in the Wyckoff position 6a in (0, 0, z). The re-
fined atomic position of the hydrogen atom is (0, 0, z =
0.0426(10). The final Rietveld refinement at 9 K is show
in Figure 3 and the corresponding atomic positions are
given in Table I. A representation of the Fe3 trimer unit
with the hydroxyl group is shown in Figure 4. The O - H
bond is directed along the polar c axis. Its distance ob-
tained after refinement is 1.00(3) A˚. This bond distance
is in excellent agreement with other report for hydroxyl
group in minerals.21
FIG. 2: (Color Online) Difference Fourier map showing the
presence of the hydrogen atom sitting on the Wyckoff position
6a (0 0 z ∼ 0.03).
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FIG. 3: (Color Online) Refinement of neutron data at 9 K of
the crystal structure of Fe3B7O13(OH) including the hydrogen
atom of the hydroxyl group in (0, 0, z = 0.0426(10)). The
excluded region around 40 degrees is to remove the cryostat
contribution. Statistics: Rp=3.34% and RBragg = 5.57%
B. Magnetic structure
As mentioned in the previous section, the magnetic
structure was determined using the powder neutron
diffraction data. The 1.8 K neutron diffraction pattern
3Atom Wyckoff x y z Uiso
Fe 18b 0.5247(7) 1.0580(4) 0.2993(5) 0.0057(4)
O1 6a 0.66666 0.33333 0.32818(-) 0.0137(20)
H 6a 0.00000 0.00000 0.0426(10) 0.017(3)
O2 18b 0.7085(9) 0.9748(10) 0.3254(6) 0.0094(13)
O3 18b 0.6445(8) 0.1092(9) 0.2097(5) 0.0068(12)
O4 6a 0.00000 0.00000 0.2999(7) 0.0047(16)
O5 18b 0.3397(9) 0.8310(9) 0.3502(6) 0.0082(12)
O6 18b 0.3043(10) 0.0814(9) 0.2676(6) 0.0073(11)
B1 18b 0.1740(9) 0.8349(8) 0.3712(5) 0.0080(9)
B2 6a 0.33333 0.66666 0.3524(6) 0.0049(15)
B3 18b 0.8973(10) 0.0996(9) 0.3165(6) 0.0070(8)
TABLE I: Crystallographic coordinates extracted from the
Rietveld refinement carried out on powder neutron diffraction
(D2B) using the space group R3c at 9 K with cell parameters a
= b = 8.56080(5) A˚ and c = 21.06236(19) A˚. The z coordinate
of the O1 has been fixed in order to define the origin.
FIG. 4: (Color Online) a) Detail of the Fe3 trimer unit. The
center oxygen is actually a OH− ion which is illustrated in b).
The O - H bond is directed along the c axis. Drawing was
made using the software VESTA.22
collected on D2B indicates the presence of additional
magnetic reflections at reciprocal lattice positions of the
nuclear cell as shown in Figure 5.
Using single crystal data, despite of the twinning, we
could follow as function of temperature few magnetic re-
flections. This enables us to probe the nature of the
magnetic phase transition. We present in Figure 6 the
temperature evolution of the (205) reflection. Attempt
to fit the data close to TN using a phenomenological
model of power law gives rise to TN = 4.86(4) K. This
Ne´el temperature is in excellent agreement with the pre-
viously reported value.16 The critical exponent that we
obtain give rise to β = 0.47(6) which is close to 1
2
suggest-
ing that the magnetic ordering in Fe3B7O13(OH) follows
a typical mean-field theory.
The possible magnetic structures compatible with
the symmetry of Fe3B7O13(OH) were determined using
BasIreps.23 For the propagation vector
−→
k =
−→
0 , the small
group G−→
k
, formed by those elements of the space group
that leave
−→
k invariant, coincides with the space group
R3c. For
−→
k =
−→
0 , the irreducible representations of the
group G−→
k
are those shown in Table II.
A representation Γ is constructed with the Fourier
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FIG. 5: (Color Online) Powder diffraction patterns recorded
at 9 and 2 K, shown respectively in red and blue. All the
magnetic reflections can be indexed on the chemical unit cell.
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FIG. 6: (Color Online) Integrated intensity of the (205) mag-
netic reflection as a function of temperature. The line corre-
sponds to a fit to the power law I = I0(TN -T)
β in the vicinity
of TN = 4.86(4) K and constant above.
components mk corresponding to the Fe atoms of the
Wyckoff position 18b. The decomposition of the repre-
sentation Γ in terms of the irreducible representations
Γ−→
k
is for the Wyckoff 18b site,
Γ−→
k
(18b) = Γ1 + Γ2 + 2Γ3 (1)
The best refinement of the powder neutron data was
obtained considering the magnetic structure associated
to the irreducible representation Γ1. The resulting mag-
netic moment for the Fe2+ ions is 4.5(2) µB. This value
is higher than the spin only value of 4 µB . This is likely
related to the orbital contribution to the magnetic mo-
ment coming from Fe2+ ions. This is in agreement with
the reported Mo¨ssbauer data where a large quadrupole
spitting is reported.16 The resulting fit of the powder
data at 1.8 K is presented in Figure 7. A representa-
tion of the magnetic structure is shown in Figure 8. The
4TABLE II: Irreducible representations of the space group R3c for
−→
k =
−→
0 . The symmetry elements are written according to
Seitz notation (Ref.24)
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FIG. 7: (Color Online) Refinement of neutron data at 1.8 K
of the magnetic structure of Fe3B7O13(OH). The excluded re-
gion around 40 degrees is to remove the cryostat contribution.
Statistics: Rp=3.27%, RBragg = 5.86% and Rmag = 7.6%.
spins lie mostly within the (ab) plane with a small out of
plane component. This out of plane component is nec-
essary in order to describe properly the first magnetic
reflection at 2θ ∼13.1◦. In Figure 8, the out of plane
component points down. While moving along the trigo-
nal axis, the orientation of the spins changes by 60◦ and
the out of plane component points alternatively down
and up. The overall magnetic structure is purely antifer-
romagnetic without any weak ferromagnetic component.
The resulting magnetic symmetry is R3c.
These results are in contrast with the reported litera-
ture on the magnetic ground state of the boracites.8,12–15
Fe3B7O13(OH) crystallizes in the trigonal space group
R3c which is potentially ferroelectric but does not exhibit
any weak ferromagnetic component in contrast to all the
other reported boracites.8 Even Co3B7O13Cl which also
exhibits the trigonal symmetry R3c at room and low tem-
perature, changes of symmetry giving rise to a weak ferro-
magnetic component below TN = 12 K.
25 It would be of
interest to investigate the other compositions exhibit the
trigonal R3c symmetry (X = OH, NO3 for instance) at
room temperature in order to investigate further whether
Fe3B7O13(OH) is the exception to the rule or not.
Another interesting point in the magnetic proper-
ties of Fe3B7O13(OH) is the absence of reduction of
the magnetic moment despite the expected presence of
FIG. 8: (Color Online) Representation of the magnetic struc-
ture obtained at 1.8 K within the ac plane. For the next layer
along the c axis, the spins are rotated by 60◦. Graphical rep-
resentation was made using the software VESTA.22
magnetic frustration (f = 5.6). While all the investi-
gated compositions by neutron diffraction exhibit the
same magnetic symmetry Pc
′
a2
′
1 and a lower symmetry
than Fe3B7O13(OH), their resulting magnetic moments
are lower than the spin only values. In the paramag-
netic space group Pca211
′
, there are 3 different crystal-
lographic site for M. Function of the metal M, the neu-
tron experiments show that there is one or two crystallo-
graphic sites exhibiting magnetic frustration giving rise
to a reduced magnetic moment. For M = Co and X
= Br, despite the presence of the expected large orbital
momentum contribution, the third site exhibits a mag-
netic moment of 1.7(1) µB while the other 2 show re-
spectively a magnetic moment of 4.7(2) and 4.0(2) µB.
14
For Mn3B7O13I, only one site shows a saturated mag-
netic moment with 5.4(2) µB while the other two sites
are reported with a magnetic moment of 3.8(2) µB.
12
Similar results are reported for the other compositions
investigated by neutron diffraction.13,15 In boracites, the
frustration parameter f increases going from X = I > Br
> Cl.12,26 Using the results from literature for M = Fe,
we can further extend the rule to X = OH and we notice
that the frustration parameter f increases from X = OH
> I > Br > Cl going from 1.4 (X = Cl) to 5.6 ( X = OH).
The f parameter for the halogen boracites remains small
irrespective of the chemical composition and much below
6 (at most f ∼ 3 for X = I). Consequently the lowering of
5symmetry from R3c to Pca21 gives rise surprisingly to an
increase of the reduction of the magnetic moment while
the frustration parameter f decreases. DFT calculations
would be necessary in order to investigate in more detail
the magnetic frustration in the boracites.
IV. CONCLUSION
We have investigated by neutron diffraction the crys-
tal and magnetic structures of the newly reported trig-
onal iron boracite Fe3B7O13(OH). We were able to lo-
cate the hydrogen atom within the structure by Fourier
map difference. The hydroxyl group is characterized by
a hydrogen oxygen bond distance in excellent agreement
with other hydroxyl groups reported in other minerals.
In agreement with previous report, we find that below
TN = 4.86(4) K an antiferromagnetic state takes place
characterized by
−→
k =
−→
0 . The resulting magnetic mo-
ment is 4.5(2) µB is larger than the spin only value of
4 µB. This difference is probably related to the orbital
contribution to the magnetic moment. We show that
the magnetic frustration in boracites increases along X
= OH > I > Br > Cl although without giving rise to a
reduced magnetic moment for X = OH as expected for
a magnetically frustrated system. We demonstrate that
Fe3B7O13(OH) is a very unusual system within the bo-
racite family. We expect that this work will stimulate ex-
perimental investigations of the other compositions with
the boracite family with X = OH and NO3.
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